Nucleus tractus solitarii (NTS) is the recipient of sensory information from the gastrointestinal (GI) tract relayed centrally via vagal afferent nerves (Rogers et al. 1999 ; reviewed by Gillis et al. 1989; Travagli & Rogers, 2001; Travagli et al. 2003) . The NTS then integrates and transfers this information to the dorsal motor nucleus of the vagus (DMV) using, in the main, GABA and glutamate as neurotransmitters (Travagli et al. 1991; Hornby, 2001 ). Subsequently, the DMV provides the final modulated vagal parasympathetic motor output to the subdiaphragmatic viscera (reviewed by Travagli & Rogers, 2001; Travagli et al. 2003) .
Neuropeptide Y (NPY) and peptide YY (PYY), both members of the pancreatic polypeptide family of peptides, have been shown to act centrally to exert profound, vagally mediated actions on GI function (Geoghegan et al. 1993; Chen & Rogers, 1995 Chen et al. 1996 Yoneda et al. 1997; Kawakubo et al. 2002; Yang, 2002) .
Binding sites with similar affinities for NPY and PYY, specifically Y1 and Y2 receptors, have been identified within the dorsal vagal complex (DVC, i.e. the NTS and DMV) (Leslie et al. 1988; Lynch et al. 1989; Dumont et al. 1990 ). Furthermore, a putative Y3 receptor that recognizes NPY but not PYY has been proposed to be present in the NTS (Grundemar et al. 1991; Glaum et al. 1997; Lee & Miller, 1998) .
The lack of readily available pharmacological tools has prevented investigation of the effects of Y3 receptor activation on GI function; however, Y1 and Y2 receptormediated differential effects of NPY and PYY on GI function have been demonstrated in previous studies. For example, application of PYY either by intravenous injection or by microinjection directly into the DVC, has been shown to inhibit gastric motility, gastric acid secretion and pancreatic secretion, in addition to increasing intestinal transit time (Adrian et al. 1985; Buell & Harding, 1989; Masuda et al. 1994; Chen & Rogers, 1995; Naruse et al. 2002; Yang, 2002) . Such actions were abolished by vagotomy and were mimicked by selective Y2 receptor agonists (Chen & Rogers, 1995; . Extracellular recordings in vivo and in vitro suggested that the principal actions of PYY were to inhibit cholinergic vagal efferent outflow to the GI tract via direct action at Y2 receptors located on DMV neuronal cell bodies, even though the activation of an inhibitory non-adrenergic, non-cholinergic pathway has also been postulated . When administered in high concentrations, however, PYY has been shown to activate gastric function (Chen & Rogers, 1995; Yang et al. 1998 ).
Similar differences in the GI responses to pancreatic polypeptides (PPs) have also been noted with NPY. For example, an increase in GI motility and secretion was seen following NPY administration (Geoghegan et al. 1993; Yoneda et al. 1997) . Other studies, however, have noted a decrease in GI motility and secretion (Matsuda et al. 1993; Yang et al. 2000; Ishiguchi et al. 2001) . Further investigation revealed that the effects of NPY on gastric motility depend upon the activity of the GI tract at the time of application. In fact, under basal conditions, application of NPY to the DVC causes an increase in gastric motility; however, if gastric motility is stimulated, NPY has no additional stimulatory effects, indeed NPY reduces gastric motility .
It was suggested that such brainstem-mediated diverse effects on gastric motility were related to different actions at Y1 versus Y2 receptors, with activation of Y1 receptors by NPY causing GI stimulation while activation of Y2 receptors by PYY caused GI inhibition . To date, however, the cellular determinants of the actions of NPY and PYY in the dorsal vagal complex (DVC; i.e. NTS and DMV) have not been examined.
The aims of this study were: (1) to investigate the effects of NPY and PYY on the membrane of identified GIprojecting DMV neurons; (2) to investigate their effects on excitatory and inhibitory synaptic transmission within the DVC; and (3) to investigate the receptor subtype(s) responsible for their effect. Preliminary accounts have been presented at the 2001 Digestive Disease Week meeting (Atlanta, GA, USA).
METHODS

Retrograde tracing
Retrograde tracers were applied to discrete GI regions as described previously (Browning et al. 1999) . Briefly, 12-day-old SpragueDawley rat pups of either sex were anaesthetized deeply with a 6 % solution of halothane with air, in accordance with the University of Michigan Committee on the Use and Care of Animals. Anaesthesia was maintained during surgery by placing the head of the animal in a custom-made chamber through which the halothane-air mixture was administered. The depth of anaesthesia was monitored (abolition of the foot pinch withdrawal reflex) prior to and during surgery. An abdominal laparotomy was performed and crystals of the retrograde tracer 1,1‚-dioctadecyl-3,3,3‚,3‚-tetramethylinodcarbocyanine perchlorate (DiI) were applied to the serosal surface of the major curvature of the gastric fundus or corpus, to the antrum/pylorus, to the duodenum (to the antimesenteric surface at the level of the bifurcation of the hepatic and pancreatico-duodenal junction) or to the caecum (at the level of the ileo-caecal junction). The dye was embedded in place with epoxy resin that was allowed to harden before the entire surgical area was flushed with warmed sterile saline and the wound closed with 5/0 suture. The animal was allowed to recover for 10-15 days prior to removal of the brainstem for electrophysiological study.
Electrophysiology
The method of the removal and slicing of the brainstem has been described already (Travagli et al. 1991; Browning et al. 1999) . Briefly, the rats were anaesthetized deeply with halothane before being killed by induction of a bilateral pneumothorax. The brainstem was removed and placed in oxygenated physiological saline solution at 4°C. Using a vibratome, six to eight coronal slices (200 mm thick) containing the DVC were cut. The brainstem slices were stored in oxygenated physiological saline at 35 ± 1°C for at least 90 min prior to use.
A single slice was transferred to the oxygenated perfusion chamber on the stage of a Nikon E600FN microscope equipped with TRITC epifluorescence filters. The slice was held in place with a nylon mesh and maintained at 35 ± 1°C by continuous perfusion with warmed Krebs solution. Once a DiI-filled neuron was identified, its identity was confirmed under bright field illumination using DIC optics. The brief (< 2 s) periods of illumination used to identify a DiI-filled neuron do not alter its electrophysiological properties (Mendelowitz & Kunze, 1991; Browning et al. 1999 ).
Whole-cell recordings were performed with patch pipettes of resistance 4-7 MV when filled with potassium gluconate solution (see below for composition) using a single electrode voltage clamp amplifier (Axoclamp 1D, Axon Instruments, Union City, CA, USA). Data were filtered at 2 kHz, digitized via a Digidata 1320 interface and stored on an IBM PC utilizing pCLAMP8 software (Axon Instruments). Only recordings with a series resistance (i.e. pipette + access resistance) < 15 MV were used. For a neuron to be considered acceptable for recording, it had to be stable at the holding potential, the action potential evoked following injection of DC had to overshoot and the membrane had to return to baseline after the after-hyperpolarization. Data analysis was performed using pCLAMP8 software.
Electrical stimulation
Excitatory postsynaptic currents (EPSCs) were recorded from neurons that were voltage clamped at _60 mV. Inhibitory postsynaptic currents (IPSCs) were recorded from neurons that were voltage clamped at _50 mV and bathed continuously with Krebs solution containing the non-selective glutamate antagonist kynurenic acid (1 mM). Bipolar tungsten electrodes (WPI Ltd, Sarasota, FL, USA) were used to stimulate electrically the NTS. Pairs of stimuli (0.1-1.0 ms, 10-500 mA) were applied using a Master 8 stimulator (AMPI, Jerusalem, Israel) every 20 s to evoke submaximal EPSCs (average 299 ± 10 pA) or submaximal IPSCs (average 307 ± 32 pA). Note that the variations in EPSC or IPSC amplitude in any one neuron were ±5 %. The value of each evoked current was thus taken as the average of at least three traces.
Drug application and statistical analysis
Drugs were applied to the bath via a series of manually operated valves. Results were compared before and after drug administration, with each neuron serving as its own control (Student's paired t test). When different concentrations of BIBP3226 were tested, the results were analysed using the group t test. Results are expressed as means ± S.E.M. with significance defined as P < 0.05. Cells were classified as responders if perfusion with PPs (100 nM) induced at least a 10 % variation in the peak amplitude of the evoked EPSCs or IPSCs. Similarly, neurons were classified as responders if perfusion with PPs (100 nM) induced a membrane current larger than 15 pA. Comparisons of responsive vs. nonresponsive neurons in the treatment groups were analysed using the x 2 test. Results are expressed as means ± S.E.M. with significance defined as P < 0.05.
The concentration-response curves for NPY and PYY (Fig. 1) were obtained using data from neurons on which at least three different concentrations of PPs were tested. The responses to perfusion with 0.3 and 1 mM NPY or PYY did not induce a significant decrease in the amplitude of the EPSCs. These data were not included because the small inhibition and the ±5 % variation in the EPSC amplitude generated unreliable measurements. The curves were generated using the regression analysis function in the Statistica software (Statsoft, Tulsa, OK, USA). The concentration of PPs that produced the half-maximum drug response (EC 50 ) was estimated using a third order polynomial regression (Pitts et al. 1990 ). was applied to a total of 350 GI-projecting DMV neurons (255 gastric, 95 intestinal); 86 of these neurons were tested with more than one agonist. The response to pharmacological treatments did not reveal any qualitative (i.e. percentage of responsive neurons and type of response) or quantitative (i.e. amplitude of the response) difference between gastricand intestinal-projecting neurons; all the data were therefore pooled.
Drugs and solutions
Presynaptic effects of PPs -excitatory synaptic transmission
EPSCs were evoked upon stimulation of the adjacent NTS and recorded from identified DMV neurons. Perfusion with NPY and PYY (0.1-300 nM for both) induced a concentration-dependent inhibition in amplitude of evoked EPSCs in the majority of DMV neurons (94/145 or 65 % of neurons for NPY and 80/125 or 64 % of neurons for PYY; Fig. 1 ). The remaining neurons were unresponsive to NPY or PYY. The effects of NPY and PYY were qualitatively and quantitatively similar: both produced similar maximum decrease in EPSC amplitude at 100 nM (30 ± 1.7 % reduction of EPSCs peak amplitude for NPY and 32 ± 1.9 % reduction for PYY) and had similar estimated IC 50 values (approximately 40 nM).
In neurons in which NPY (100 nM) or PYY (100 nM) decreased EPSC amplitude, the ratio of the EPSCs evoked by two identical electrical pulses delivered a few milliseconds apart increased from a control value of 0.82 ± 0.04 to 1.07 ± 0.05 (for NPY, P < 0.05; Fig. 2A and B) and from 0.80 ± 0.03 to 0.96 ± 0.04 (for PYY, P < 0.05). Such an alteration in the paired-pulse ratio is suggestive of a presynaptic site of action.
The presynaptic site of action of NPY and PYY was further confirmed by monitoring the input resistance of the DMV neuron before and during PP application. In 19 neurons in which NPY (n = 9) or PYY (n = 10) decreased the amplitude of the EPSCs, the value of the input resistance was 462 ± 59 MV. In the presence of NPY or PYY the input resistance was 447 ± 69 MV (P > 0.05; Fig. 2C ). In these cells, the EPSC rise time was 1.53 ± 0.11 ms in control and 1.48 ± 0.12 ms following NPY or PYY (P > 0.05). Similarly, the EPSC decay time was 2.81 ± 0.22 ms in control and 2.84 ± 0.22 ms following NPY or PYY (P > 0.05). The response to NPY or PYY did not show tachyphylaxis. In fact, repeated superfusions of the preparation with 100 nM NPY or PYY 15 min apart gave similar results (Fig. 3A) . In detail, the first superfusion of NPY decreased the EPSC amplitude by 24 ± 4.3 % (from 163 ± 26 pA in control to 122 ± 17 pA in NPY; P < 0.05 vs. control; n = 4) while the second superfusion of NPY decreased the EPSC amplitude by 27 ± 5.7 % (from 163 ± 33 pA in control to 115 ± 19 pA in NPY; P < 0.05 vs. control; P > 0.05 vs. first application). Similarly, the first superfusion of PYY decreased the EPSC amplitude by 30 ± 5.1 % (from 219 ± 31 pA in control to 156 ± 33.3 pA in PYY; P < 0.05 vs. control; n = 4) while the second superfusion of PYY decreased the EPSC amplitude by 31 ± 7.5 % (from 192 ± 20.3 pA in control to 130 ± 14 pA in PYY; P < 0.05 vs. control; P > 0.05 vs. first application). ]NPY (100 nM) induced a 23 ± 1.8 % inhibition in EPSC amplitude (P < 0.05) that was accompanied by an increase in the paired-pulse ratio (from 0.72 ± 0.04 to 0.91 ± 0.06; P < 0.05). Such inhibitory effects were prevented by pretreatment with the Y1 receptor selective antagonist, BIBP3226 (Rudolf et al. 1994; Jacques et al. 1995) . In four neurons, [Leu 31 ,Pro 34 ]NPY induced a 26 ± 7.4 % inhibition in evoked EPSC amplitude. Following wash out and 10 min perfusion with 0.1 mM BIBP3226, the inhibition induced by [Leu 31 ,Pro 34 ]NPY was reduced to 1 ± 2.6 % (P > 0.05 compared with control; P < 0.05 compared with inhibition in the absence of antagonist).
Y1 and Y2 receptor selective agonists mimicked the inhibitory effects of NPY and PYY
Perfusion with the Y2 receptor selective agonist NPY(3-36) (100 nM) was applied to 68 neurons (47 gastric-and 21
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Figure 2. NPY and PYY decreased the EPSC amplitude via actions at presynaptic sites A, representative traces showing the inhibition in EPSC amplitude induced by NPY (100 nM) and alteration in the paired-pulse ratio (the paired-pulse ratio compares the amplitude of the second current (C2) with that of the first current (C1); EPSCs were evoked 40 ms apart). Each trace is the average of 3 EPSCs. B, the evoked EPSCs obtained in the presence of NPY (100 nM) were normalised to the amplitude of the control trace. The changes in the paired pulse ratio are more visible as a result. C, application of PYY (100 nM) does not affect the membrane responses to hyperpolarizing voltage commands between _50 and _60 mV. intestinal-projecting DMV neurons) and inhibited evoked EPSC amplitude in 41 % of neurons (66 % gastric, 48 % intestinal). The maximum inhibition in EPSC amplitude induced by NPY(3-36) (100 nM) was 26 ± 2.1 % (P < 0.05) and was accompanied by an increase in the paired-pulse ratio (0.87 ± 0.06 to 1.08 ± 0.08, P < 0.05). The presynaptic inhibitory effects of 100 nM NPY(3-36) were unaffected by pretreatment with the Y1 antagonist BIBP3226, even at a concentration (1 mM) that is 10-fold higher than that required to completely antagonize the effects of [Leu 31 ,Pro 34 ]NPY. Specifically, in four neurons, NPY(3-36) induced a 21 ± 6.0 % inhibition in evoked EPSC amplitude. Following wash out and 10 min perfusion with BIBP3226, NPY(3-36) induced a 24 ± 11.2 % inhibition (P < 0.05 compared with control; P > 0.05 compared with inhibition in the absence of antagonist; Fig. 3C ).
The Y1 antagonist, BIBP3226, prevented the effects of NPY but not PYY BIBP3226 attenuated the ability of NPY, but not PYY, to inhibit EPSC amplitude. In detail, 100 nM NPY induced a 30 ± 4.5 % inhibition in EPSC amplitude; following wash out and 10 min pretreatment with 0.1 mM BIBP3226, the NPY-induced inhibition was attenuated partially to 19 ± 3.3 % (n = 8; P < 0.05). In another set of neurons, 100 nM NPY induced a 20 ± 2.8 % inhibition in EPSC amplitude; following wash out and 10 min pretreatment with 1 mM BIBP3226, the NPY-induced inhibition was antagonized completely to 1 ± 4.1 % (n = 5; P > 0.05 vs. control; P < 0.05 vs. BIBP3226 0.1 mM; Fig. 3C ). In contrast, even at 1 mM BIBP3226 had no effect on the inhibition of EPSC amplitude induced by 100 nM PYY. In detail, PYY perfusion induced a 22 ± 3.1 % inhibition in EPSC amplitude; in the presence of 1 mM BIBP3226, PYY induced a 19 ± 3.6 % inhibition (n = 5; P < 0.05 compared with control; P > 0.05 compared with inhibition in the absence of BIBP3226).
Both NPY and PYY are subject to enzymatic cleavage by endogenous diaminopeptidase IV (DAP IV) to form selective Y2 receptor agonists such as NPY(3-36) and PYY(3-36) Mentlein et al. 1993) . Since the inhibitory actions of NPY were completely prevented by the Y1 receptor selective antagonist BIBP3226 (0.1 mM), one can assume that enzymatic degradation of NPY to form a Y2 receptor selective agonist does not occur to a significant degree. The actions of PYY, however, were unaffected by the Y1 antagonist, even at the higher concentration (1 mM), raising the possibility that PYY was cleaved to a Y2 receptor selective agonist. In order to ascertain whether, under the current experimental conditions, PYY was prevented from exerting any actions at presynaptic Y1 receptors because of enzymatic cleavage to a Y2 receptor selective ligand, we tested whether BIBP3226 attenuated the inhibitory effects of PYY in the presence of the DAP IV inhibitor diprotin-A (1 mM). In detail, in four neurons, PYY induced a 33 ± 4.5 % inhibition in evoked EPSC amplitude. Following 10 min superfusion with a combination of diprotin-A and 1 mM BIBP3226 (which per se had no effect on the EPSC amplitude), the PYY-induced inhibition was unchanged at 32 ± 5.3 % (P < 0.05 compared with control; P > 0.05 compared with PYY in the absence of peptidase inhibitor and antagonist).
Interactions of PPs with a adrenoceptors: studies with agonists
Since many reports have demonstrated that the effects of NPY are related to noradrenaline (NA) release (Wiley & Owyang, 1987; Martire & Pistritto, 1992; Khanna et al. 1993; Sawa et al. 1995; Kapoor & Sladek, 2001 ), we assessed the effects of pharmacological manipulations of adrenoceptors on the inhibition of EPSC amplitude induced by NPY and PYY.
In six neurons, NPY (100 nM) induced a 26 ± 3.9 % inhibition in EPSC amplitude (P < 0.05). In those same neurons, perfusion with the a 2 adrenoceptor agonist UK14,304 (1 mM) induced 22 ± 2.5 % inhibition in EPSC amplitude (P < 0.05). In the presence of UK14,304, however, the inhibition induced by NPY was reduced to 12 ± 5.3 % (P < 0.05 compared with control, P < 0.05 compared with the inhibition in the absence of UK14,304). However, the occlusion of the inhibitory effects of NPY in the presence of a 2 adrenoceptor activation was not due to a limitation in the maximum possible inhibition in EPSC Pancreatic polypeptides in the dorsal vagal complex J Physiol 549.3 Figure 4 . The inhibitory effects of NPY involve the activation of both Y1 and a 2 presynaptic receptors NPY (100 nM) induced an inhibition in evoked EPSC amplitude that was antagonized partially by pretreatment with the Y1 receptor selective antagonist BIBP3226 (0.1 mM) but antagonized completely by a pretreatment with a combination of BIBP3225 (0.1 mM) and yohimbine (10 mM). * P < 0.05 vs. NPY alone; ** P < 0.05 vs. NPY + BIBP3226.
amplitude; in fact, in three neurons, UK14,304 induced a 47 ± 11.0 % inhibition in EPSC amplitude (P < 0.05). Addition of methionine enkephalin (1 mM) caused an additional 35 ± 11.5 % reduction in EPSC amplitude reducing EPSC amplitude to 18 ± 11.5 % of control (P < 0.05 compared with inhibition in the absence of methionine enkephalin, P < 0.05 compared with control), In contrast, perfusion with UK14,304 did not occlude the inhibition of EPSC amplitude induced by 100 nM PYY (29 ± 6.9 and 26 ± 7.4 % in PYY and in PYY + UK14,304, respectively; n = 6, P > 0.05) or by 100 nM [Leu 
Interactions of PPs with a adrenoceptors: studies with antagonists
In four neurons, NPY (100 nM) induced a 25 ± 4.4 % inhibition in EPSC amplitude. Following wash out and 10 min superfusion with the a 1 adrenoceptor agonist phenylephrine (10 mM), which itself had no effect on EPSC amplitude (98.6 ± 3.4 % of control; P > 0.05), the inhibition of EPSC amplitude induced by NPY was unchanged at 27.1 ± 1.7 % (P > 0.05 compared with inhibition in the absence of phenylephrine, P < 0.05 compared with control). Similarly, in four neurons, PYY (100 nM) induced a 24 ± 4.2 and a 25 ± 1.9 % inhibition in evoked EPSC amplitude in control and in the presence of phenylephrine, respectively (P > 0.05 compared with inhibition in the absence of phenylephrine, P < 0.05 compared with control; data not shown).
In five neurons, NPY induced a 32 ± 2.9 % inhibition in EPSC amplitude (P < 0.05) that was reduced to 19 ± 4.5 % following 10 min pretreatment with the a 2 adrenoceptor antagonist yohimbine (10 mM; P < 0.05 vs. control, P < 0.05 compared with inhibition in the absence of yohimbine; Fig. 5 ). In contrast, yohimbine pretreatment did not antagonize the inhibition induced by 100 nM PYY (29 ± 6.9 and 26 ± 7.4 % in PYY and in PYY + yohimbine, respectively; n = 6; P < 0.05 vs. control; P > 0.05 compared with inhibition in the absence of yohimbine; Fig. 5 The Y1 antagonist BIBP3226 and the a 2 antagonist yohimbine prevented the effects of NPY Pretreatment with 0.1 mM BIBP3226 and 10 mM yohimbine completely antagonized the ability of NPY to inhibit EPSC amplitude. In detail, 100 nM NPY induced a 32 ± 7.2 % inhibition in EPSC amplitude; following wash out and 10 min pretreatment with BIBP3226, the NPY-induced inhibition was attenuated partially to 23 ± 5.2 % (P < 0.05 vs. NPY alone). Following wash out of NPY and 10 min perfusion with BIBP and yohimbine, the NPY-induced inhibition was antagonized almost completely to 5 ± 7.4 % (n = 3; P > 0.05 vs. control; P < 0.05 vs. BIBP3226 0.1 mM; Fig. 4 ).
The effects of NPY were attenuated by pretreatment with reserpine
The data described above suggest that the inhibitory effects of NPY might involve the activation of inhibitory adrenoceptors. To ascertain whether this involves a direct interaction of NPY with presynaptic adrenoceptors or an indirect action via the release of NA, recordings were made from 10 neurons from eight rats which underwent chemical sympathectomy with reserpine (5 mg kg _1 I.P.) at 48 and 24 h prior to experimentation (Tricklebank et al. 1984) . In these neurons, NPY (100 nM) induced a 30 ± 3.2 % inhibition in evoked EPSC amplitude (P < 0.05 vs. control). In the presence of yohimbine (10 mM), the
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J Physiol 549.3 Figure 5 . The inhibitory effects of NPY, but not PYY, involve the evoked release of NA PYY (100 nM) induced an inhibition in evoked EPSC amplitude that was unaffected by pretreatment with the a 2 adrenoceptor antagonist yohimbine (10 mM). Conversely NPY (100 nM) induced an inhibition of evoked EPSCs that was partially prevented by pretreatment with yohimbine. Following treatment with reserpine, however, the NPY-induced inhibition was unaffected by yohimbine and completely antagonized by 0.1 mM BIBP3226. * P < 0.05 vs. NPY alone. inhibition induced by NPY was 27 ± 2.7 % (n = 6; P < 0.05 vs. control; P > 0.05 compared with NPY in the absence of yohimbine), i.e. following pretreatment with reserpine, the ability of yohimbine to partially attenuate the actions of NPY was ablated (Fig. 5) . Furthermore, in the four remaining neurons from reserpine-treated rats, perfusion with NPY induced a 29 ± 3.4 % inhibition in evoked EPSC amplitude (P < 0.05 vs. control). In the presence of 0.1 mM BIBP3226, the NPY effects were completely antagonized (i.e. a 0 ± 3.5 % inhibition; Fig. 5 ).
Responses to multiple peptides
Out of 38 neurons in which the actions of both NPY and PYY were assessed, both peptides were effective in reducing the amplitude of evoked EPSCs in 10 neurons. In a further nine neurons, PYY (but not NPY) inhibited excitatory synaptic transmission while in the remaining 19 neurons, neither peptide had any effect.
In 28 neurons in which the actions of both the Y1 receptor selective agonist [Leu 31 ,Pro 34 ]NPY and the Y2 receptor selective agonist NPY(3-36) (100 nM for both) were assessed, in eight neurons both peptides inhibited EPSC amplitude. In three neurons, however, only [Leu 31 ,Pro 34 ]NPY had any effect while in five neurons, only NPY(3-36) reduced evoked EPSC amplitude. In the remaining 12 neurons, neither agonist had any effect.
In 6 of the 10 neurons in which the actions of both NPY and the Y1 receptor selective agonist [Leu 31 ,Pro 34 ]NPY (100 nM for both) were assessed, both peptides inhibited EPSC amplitude. In one neuron, however, only NPY had any effect. There were no occasions in which [Leu 31 ,Pro 34 ]NPY but not NPY was effective in decreasing the amplitude of evoked EPSCs.
In 5 of 10 neurons in which the actions of both PYY and the Y2 receptor selective agonist NPY(3-36) (100 nM for both) were assessed, both peptides inhibited EPSC amplitude. There were no occasions when PYY but not NPY(3-36) or vice versa, was effective in decreasing the amplitude of evoked EPSCs. In the remaining five neurons, neither agonist had any effect. Results are summarized in Table 1 .
Presynaptic effects of PPs -inhibitory synaptic transmission
NPY (100-300 nM) and PYY (100-300 nM) were applied to 19 neurons. Neither NPY (n = 8) nor PYY (n = 11) had any effect on evoked IPSC amplitude. In detail, in control conditions the amplitude of evoked IPSCs was 307 ± 53 pA; in the presence of NPY (100 nM) the IPSCs amplitude was 311 ± 53 pA (P > 0.05). Similarly, in control the amplitude of evoked IPSCs was 307 ± 42 pA compared with 297 ± 39 pA in the presence of PYY (P > 0.05; Fig. 6 ).
Postynaptic effects of PPs
The postsynaptic response of NPY and PYY (both at 100 nM) did not differ either qualitatively or quantitatively in any neuronal type tested. An outward current of 28 ± 2.8 pA was induced by perfusion with NPY or PYY in 26 out of the 150 DMV neurons analysed, while an inward current of 27 ± 2.7 pA was induced in another 20 DMV neurons. The remaining 104 neurons either showed no response or responded with a change in current below the arbitrarily set limit of acceptance (15 pA of the postsynaptic currents prevented the pursuit of a thorough voltage clamp study.
DISCUSSION
Using whole-cell patch clamp recordings from identified GI-projecting neurons of the rat DMV, we have demonstrated that the main effect of PPs in the DVC is to inhibit glutamatergic synaptic transmission between the NTS and the DMV rather than to alter GABAergic synaptic transmission or exert a direct effect on the DMV preganglionic motoneurons themselves. Our pharmacological evidence suggests that different receptors of the NPY family are involved. Specifically, activation of Y1, Y2 and another NPY-preferring receptor, possibly the putative Y3 receptor, inhibits excitatory synaptic transmission from the NTS to GI-projecting DMV neurons. The effects of the putative Y3 receptor activation are mediated by release of NA and its subsequent interaction with a 2 adrenoceptors.
Even though the reduction in EPSC amplitude by PPs may appear relatively modest (~30 %), it should be kept in mind that relatively small variations in synaptic inputs can have dramatic effects on the spontaneously active DMV neurons and on GI motility and secretion. In fact, a similar reduction in the GABAergic input from NTS to DMV (Browning & Travagli, 2001 ) is likely to underlie the severalfold increase in gastric motility observed upon administration of 5HT and TRH (McCann et al. 1988; Chi et al. 1996) .
The present study indicates that NPY exerts its presynaptic inhibitory actions on glutamate currents via interactions with both the Y1 receptor and with another receptor, possibly the putative Y3 receptor, which, in turns, triggers the release of catecholamines with a subsequent a 2 adrenoceptor-mediated decrease in EPSCs. Conversely, PYY appears to reduce EPSC amplitude via a non-Y1 and a non-Y3 receptor, presumably a Y2 receptor. Such conclusions are reached through several lines of evidence.
First, the presence of both Y1 and Y2 receptors on nerve terminals within the DVC was confirmed by the effectiveness of the receptor selective agonists, [Leu 31 , Pro 34 ]NPY and NPY(3-36), respectively, in decreasing the evoked EPSC amplitude.
Second, the Y1 receptor selective antagonist BIBP3226, used at a concentration (0.1 mM) that prevented fully the presynaptic inhibitory actions of the Y1 selective agonist [Leu 31 , Pro 34 ]NPY, attenuated, but did not completely antagonize, the presynaptic inhibitory action of NPY, but had no effect on the ability of PYY to inhibit evoked EPSC amplitude. These data, in conjunction with data showing that all the neurons that are inhibited by [Leu 31 ,Pro 34 ]NPY are also inhibited by NPY, support the conclusion that a portion of the inhibitory actions of NPY are mediated by Y1 receptors.
Conversely, PYY acts at sites other than Y1 and Y3 receptors. Our data show that all the neurons responding to PYY also respond to NPY(3-36) (Table 1) and that even at 1 mM, BIBP3226 does not antagonize the inhibitory effects of PYY, supporting the conclusion that the receptors that PYY interacts with are neither Y1 nor Y3 receptors but are probably Y2 receptors.
The explanation for such unexpected Y1 and Y2 receptor selectivity is unclear, because NPY and PYY are supposed to have similar affinities for both Y1 and Y2 receptors (Michel et al. 1999) . It is unlikely that the lack of effect of PYY at Y1 receptors is due to degradation of PYY to a Y2-preferring ligand. In fact, inhibition of the endogenous enzyme DAP IV, which cleaves the peptide to a Y2-preferring metabolite , does not uncover any latent Y1 receptor activity of PYY. On the other hand, it is likely that activation of another receptor, such as the NPY-preferring Y3 receptor (Grundemar et al. 1991; Glaum et al. 1997; Lee & Miller, 1998) , is involved in the presynaptic inhibitory actions of NPY since some of its effects had a pharmacological profile different from that of PYY.
The actions of NPY and PYY also differ in the involvement of NA in their presynaptic inhibitory effects. While neither NPY nor PYY effects are occluded by the a 1 adrenoceptor agonist phenylephrine, the inhibitory effects of NPY, but not PYY, are attenuated partially by a 2 adrenoceptor blockade and are occluded partially by a 2 adrenoceptor activation. The fact that the inhibitory actions of [Leu 31 ,Pro 34 ]NPY or PYY were not affected by a 2 adrenoceptor agonists or antagonists suggests that, in addition to acting at Y1 receptors to inhibit glutamatergic synaptic transmission directly, NPY also acts at other receptors, possibly the putative Y3 receptor. Activation of these receptors, in turn, would induce the release of NA and activation of presynaptic a 2 adrenoceptors that then inhibit excitatory synaptic transmission (Bertolino et al. 1997) .
The DVC receives a dense innervation of noradrenergic nerve terminals (Rea et al. 1982) principally from noradrenergic nerve cell bodies within the A2 cell group of the NTS (Fukuda et al. 1987) and from the locus coeruleus (Ter Horst et al. 1991) . We would like to suggest that the NPY-mediated NA release and consequent inhibition of EPSCs is due to the presence of the putative Y3 receptor only on the terminals of the projections from the locus coeruleus and/or on catecholaminergic neurons of the A2 cell group. Our data would suggest that these noradrenergic terminals, or neurons, express the putative Y3 receptors only, which would explain the involvement of NA in the inhibitory actions of NPY but not PYY or [Leu 31 ,Pro 34 ] NPY. It has been established that these NA-mediated effects of NPY occur in other areas, both within the CNS and the periphery (Wiley & Owyang, 1987; Martire & Pistritto, 1992; Khanna et al. 1993; Sawa et al. 1995; Kapoor & Sladek, 2001 ).
Interestingly, following reserpine-induced chemical sympathectomy, pretreatment with yohimbine does not attenuate the inhibitory actions of NPY, which are, rather, antagonized completely by pretreatment with 0.1 mM BIBP3226. These data would suggest that the a 2 -mediated responses of NPY are due to release of NA rather that a direct interaction of NPY with the a 2 adrenoceptor itself. In reserpinized animals the magnitude of EPSC inhibition induced by NPY is similar to the inhibition obtained in control rats, which might suggest that following chemical sympathectomy, there is efficiency of Y1 receptor-effector coupling and/or that the circuitry has undergone a receptor rearrangement with an increased expression of Y1 receptors.
The differences in the mechanisms of inhibition of excitatory transmission by NPY and PYY may be explained by considering differences in their functions.
PYY, for example, is a hormone released into the circulation from enterochromaffin cells following ingestion of a fatty meal or infusion of lipids into the duodenum (Pappas et al. 1985; Sheikh, 1991; . PYY then acts centrally to inhibit gastric emptying and motility by a vagally mediated mechanism, the so-called ileal brake phenomenon. It is unlikely, however, that in vivo PYY itself exerts any actions within the DVC, rather, it is more likely that PYY is cleaved by the circulating endogenous enzyme, DAP IV, to form selective Y2 receptor agonists such as PYY(3-36) Mentlein et al. 1993) . Previous studies have indeed demonstrated that the PYY-mediated inhibitory actions on GI motility result from interactions with Y2 receptors in the brainstem (Chen & Rogers, 1995 Chen et al. 1996 . Our data suggest that PYY interaction with Y2 receptors induces mainly a decrease in the excitatory transmission between NTS and DMV.
NPY, in contrast, is contained within neurons of the dorsomedial NTS and within nerve terminals throughout the DVC (Harfstrand et al. 1987) and it is released as a neurotransmitter/neuromodulator. Previous reports have suggested that the central, vagally mediated effects of NPY on the GI tract depend upon the basal conditions of the GI tract at the time of application. Under conditions of increased levels of GI motility, which would engage an increased glutamatergic transmission, NPY decreases motility or gastric acid secretion . Under these conditions, neuronal release of NPY was suggested to activate only Y1 receptors ). The present study, however, would indicate that NPY activates not only Y1 but also the putative Y3 receptors, even if Y2 receptors are present. While the vast majority of DMV neurons are cholinergic (Armstrong et al. 1990) , at least two opposing vagal neuronal pathways exist which can be differentiated based on the neurochemical phenotype of the postganglionic enteric neurons they innervate. One circuit is a cholinergic excitatory pathway, inhibition of which would cause a decrease in gastric motility and secretion. The other circuit is a non-adrenergic, noncholinergic (NANC) pathway, inhibition of which causes an increase of gastric tone, most commonly via nitric oxide release (for reviews see Travagli & Rogers, 2001; Travagli et al. 2003) . Since activation of Y receptors on excitatory glutamatergic nerve terminals caused a decrease in glutamate release with a consequent inhibition of the DMV neuronal output, the overall GI response following application of PPs in the DVC would be a withdrawal of the cholinergic tone modulated by brainstem glutamatergic pathways.
It is interesting to note that only a subpopulation of DMV neurons appeared to be modulated by PPs. This observation further support the hypotheses proposed by us and other groups that there is a high degree of integration within the DMV that is reflected in discrete pharmacological properties of the neurons themselves as well as by the modulation of their synaptic inputs. Unfortunately, the correlation between these physiological/pharmacological differences and the function(s) subserved by the vagal motoneurons is far from being resolved.
In conclusion, we have provided strong evidence indicating that, under our experimental conditions, the effects of PPs are due mainly to inhibition of excitatory synaptic transmission between NTS and DMV. These effects are due to interactions with different receptors of the NPY family. NPY directly activates Y1 receptors located on NTS glutamatergic terminals impinging on DMV neurons. NPY also activates an NPY-preferring receptor, possibly the putative Y3 receptor, which releases NA to decrease the amplitude of EPSCs via a 2 adrenoceptors. Conversely, PYY inhibits NTS-DMV excitatory transmission via activation of a non-Y1, non-Y3 receptor, possibly the Y2 receptor.
